Background
Introduction
Anaemia remains an intractable public health problem in sub-Saharan Africa (SSA). Children younger than five years and pregnant women are the focus of most epidemiological surveys, as prevalence is highest amongst these groups [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . In SSA, over 64% of children younger than five years and 55% of pregnant women are estimated to have anaemia [2] . Designing treatment packages for anaemia is complex, owing largely to its multifactorial aetiology. These causes include genetic haemoglobinopathies, haemorrhage, bacteraemia, deficiencies of iron or other micronutrients including copper, folate, vitamins A and B 12 , and parasitic infections of malaria, schistosomiasis, and hookworm [12, 13] . If left untreated, anaemia can reduce work capacity, decrease immunogenicity, and impair cognitive or motor development [3] [4] [5] [6] 14] .
In this paper, we focus on the relationship between anaemia and intestinal helminths. The relevance of intestinal schistosomiasis (S. mansoni) for anaemia remains controversial, including its causal mechanism [9, 10] . Recent studies in SSA [15] [16] [17] focused on preschool children or adults in a single village and found no correlation between S. mansoni infection and anaemia. Yet, in school-aged children and pregnant women, heavy S. mansoni infection intensity has been shown to increase anaemia risk [18, 19] . The relationship of hookworm infection and intestinal blood loss is well established [20] . This association is intensity-dependent with moderate to heavy infections required for anaemia [21] [22] [23] . In SSA, anaemia attributable to hookworm has been shown to be 18% in preschool children [21] , 5%-25% in school-aged individuals [22, 23] , and 28% in pregnant women [24] .
The associations of anaemia with S. mansoni and hookworm infections have been studied in the same population under two contexts: efficacy of anthelminthic treatment and polyparasitism. Amongst infected schoolchildren, separate treatments with praziquantel for S. mansoni and albendazole or mebendazole for hookworm have been found to reduce anaemia [19, 25, 26] . Although individually relevant in SSA, moderate to heavy co-intensities of S. mansoni and hookworm have been found to have no significant effect on anaemia in individuals under six years in Uganda [16] and school-aged children in Rwanda [27] .
With previous epidemiological surveys in SSA focused on young children and pregnant women, current World Health Organization (WHO) guidelines for treating anaemia due to hookworm neglect community-based samples [11, 28] . Additional community-based research is required to assess if guidelines should be established for treating anaemia attributable to S. mansoni infection [11, 28] . There is a need to identify the levels of S. mansoni and hookworm infection intensities associated with anaemia in populations, which are not limited to young children, school-based samples, or pregnant women. Moreover, it is unknown whether S. mansoni and hookworm infections influence anaemia prevalence in the same age group for community-based samples. To prioritize treatment strategies for anaemia, there also is a need to accurately quantify the proportion of anaemia attributable to S. mansoni and hookworm infections in community-based samples. Herein, we present a large-scale, community-based investigation of anaemia and intestinal helminths in SSA.
Methods

Study site and village sampling
Data were collected from August-September 2013 in 30 villages of Mayuge District, Uganda. Annual and en masse treatments with praziquantel for S. mansoni and albendazole for hookworm began in the study area in 2003 and were scaled-up to all sub-counties in the study district in 2004 by the national helminth control programme [29, 30] . An area within five kilometers of Lake Victoria in Mayuge District was chosen, as previous nationwide surveys [31, 32] showed both S. mansoni and hookworm infection prevalence exceeds 50% for schoolchildren aged 5-21 years. In these surveys, the prevalence of coinfection was unknown. Accordingly, this area, which is within five kilometres of Lake Victoria in Mayuge District, was classified as a high-risk area for schistosomiasis infections. Every person aged five years and older was treated annually with praziquantel. If the area was not high-risk, praziquantel would only be available for children through primary schools. Adults are generally not treated through mass drug administration (MDA) with albendazole for hookworm infections [33] . However, our study area was endemic for lymphatic filariasis and all individuals aged five years and older were treated annually with a package of albendazole and ivermectin. MDA is the only substantial strategy for controlling these helminth infections, thus this context must be studied to reflect the true public health situation. The Ugandan national control programme aims to administer annual treatment for schistosomiasis and twice yearly treatment for soiltransmitted helminths. However, due to in-country delays, Mayuge District did not receive MDA for 1.5 years prior to our study.
Thirty villages were selected for this study as follows. In February 2013, 41 villages were visited in this catchment. For each of the eight sub-counties of Mayuge District, the district health officer identified one village with known S. mansoni transmission. At least four villages in closest physical proximity to these initial eight villages were sampled. One cluster of 3-8 villages was sampled in each sub-county. In addition to the collection of village waypoints, researchers drew maps with village chairmen to identify locations of taps, rice paddies, standing seasonal water, public latrines, homes, and primary schools. These maps were used to select six village clusters from the initial eight sub-counties that were similar in size, language, infrastructural development, quality of homes, and distance to established towns.
Participant sampling
The sample included 1,832 individuals aged 5-90 years (Mean 24.31, Std. Dev. 16 .90, includes one four year-old) from 916 households. Village health team members selected at least 30 households and two people per household in their village. To ensure men participated, health team members were instructed to stratify participants by gender and familial position, e.g. mothers with daughters, mothers with sons, fathers with daughters, and fathers with sons. This stratification enabled a multilevel analysis (described below) to account for latent, unobserved household or village effects on anaemia. Child participants were required to be at least five years, which is the minimum age to treat S. mansoni infections with praziquantel [33] . Moreover, sampling of children focused on ages 10-14, which is where the peak intensity of S. mansoni infection occurs in most endemic areas [34] . There were no other restrictions on the child, who was chosen by the village health team member.
Lastly, at-risk groups of fishermen (S. mansoni) and farmers (hookworm) were sampled. Stratification by occupation was conducted to ensure representation of occupations that were characteristic of the high prevalence villages. This approach was needed, as fishermen and farmers leave the village during the day to work and may otherwise be underrepresented. This sampling did not affect the internal validity of the data and should not have an effect on the generalizability of the study if endemic, high-risk villages are of interest. However, given the number of villages, a complete demographic census was not performed and should be considered in future work. A random non-stratified sampling strategy may be preferred for areas with low S. mansoni or hookworm infection prevalence.
Parasitology, anaemia, and household data
Each participant provided one stool sample. Stool samples were immediately processed upon receipt and standard Kato-Katz methodology for two thick smear slides (41.7 mg) [35] was used. Technicians read slides within 30 minutes of preparation for the presence of hookworm eggs and slides were reread 24 hours after preparation to count eggs of S. mansoni and other STHs. Ten percent of slides were retained for S. mansoni quality control egg counts by a senior technician, who confirmed the accuracy of the field readings. Egg counts were multiplied by 24 then averaged to represent S. mansoni and hookworm infection intensities as the number of eggs per gram (EPG). To assess anaemia, every participant provided a fingerprick blood sample for the measurement of haemoglobin (Hb) (g/L) in Hemocue Haemoglobinometers (Radiometer Group, Sweden). A short questionnaire was administered to all adults, who also answered on behalf of the child. Participants provided demographic information, the last incident of malaria, and income-earning occupation (if any) of the household head.
Statistical analysis
The data were analyzed in Stata v.12.1. The main variables used to examine anaemia were as follows. WHO categories for light (1-99 EPG), moderate (100-399 EPG), and heavy (400 + EPG) S. mansoni infection intensity were used [36] . These values also were applied to classify hookworm, as 400 or more EPG represented the top 10 th percentile of hookworm infection intensity measured in our study. This method of hookworm infection classification also is employed in Pullan et al. [22] . Anaemic individuals were classified according to WHO guidelines for Hb by age and gender [11] . All models in this paper excluded basic age-gender-infection or S. mansoni-hookworm interactions, as there was insufficient support of model improvement from likelihood ratio tests (p-value>0.05). Descriptive statistics of variables used in analyses are provided in Tables A-D in S1 File.
To understand the distribution of infection intensities and to check the robustness of this data with known epidemiological studies, the risk factors of S. mansoni and hookworm infections were compared in ordinal logistic regressions [37] . Infection categories were ranked from uninfected to heavy infections and used as dependent variables. In these models, the relevance of age, gender, household head occupation, and village-level factors were examined for infection intensity. Village predictors included a continuous variable for the number of houses and the following binary indicators for environmental factors within the village: beach on Lake Victoria, lake site only (no beach, only small boat landing site to Lake Victoria), a rice paddy (rice farm), and three or more village roads. Additionally, a binary indicator was used that was equal to one if the distance of the village centre was greater than 0.50 kilometres to Lake Victoria. Standard errors were adjusted with robust sandwich estimators at the household level [38] .
Ordinal logistic regressions present cumulative probabilities and assume proportional odds of being in higher outcome categories. There was sufficient evidence that age, the occupations of business and rice farmer, and the distance of the village centre to Lake Victoria violated this assumption in the hookworm model [39] . Using methods described in Peterson and Harrell [40] and Williams [39] , these variables were allowed to vary across hookworm infection levels and the associated beta estimates were provided.
Anaemia status was analyzed with a multilevel logistic regression that controlled for household and village variance. General linear and latent mixed models were used [41] . Infection categories were incorporated as predictors of anaemia and presented as binary variables of low, moderate, and heavy S. mansoni or hookworm infections (with uninfected as the base category). Gender, dummies for household head occupation, and age (in years) were included as covariates. Other covariates of age grand-mean-centered squared, self-reported malaria (individual received antimalarial medicines from government or private health clinic within the past six months), and village-level factors were tested by forward selection. Univariate and empty logistic models were compared. If the likelihood ratio test was significant (pvalue<0.05), the variable was used (Table E in S1 File). A crude global R 2 was calculated using the square of the correlation between fitted and actual anaemia values [42] . Although this method is used in linear regression, the crude global R 2 does not provide insight into the proportional reduction in error variance explained by the full model. Accordingly, more robust calculations of R 2 were calculated using recent methods of Nakagawa and Schielzeth [43] . For variation explained by only the fixed component and full model, the marginal R 2 and conditional R 2 , respectively, were estimated. Intra-class correlation (ICC) coefficients were calculated as described in McGraw and Wong [44] . The assessment of coinfection and anaemia only differed from the aforementioned anaemia status model with respect to the infection variables used; otherwise, all other variables and model specifications were the same. S. mansoni and hookworm coinfection categories were presented as binary indicators and used as predictors of anemia. The base category for each coinfection indicator included no infection (zero EPG) and single infections of S. mansoni or hookworm. Four categories were used to classify coinfection intensity. Light, moderate, and heavy coinfections were defined, respectively, as at least 1-99 EPG, 100-399 EPG, and 400 + EPG of both S. mansoni and hookworm infections.
To quantify the impact of S. mansoni and hookworm infection on anaemia, population attributable fractions (PAF) were estimated using maximum likelihood procedures described in Greenland and Drescher [45, 46] . This method adjusts for covariates and calculates PAF confidence intervals (CI), but random effects or latent variable distributions in the data cannot be preserved. Accordingly, logistic regressions were used with the same variables as the multilevel anaemia model and clustered standard errors at the household level [38] . Infection intensities found significant in the anaemia logistic model were examined. Two PAF scenarios were estimated: elimination and intensity reduction. These scenarios were assessed across the whole study sample, a sub-population of heavily infected individuals, and a sub-group that excluded school-aged children and pregnant women.
Ethics
This study was reviewed and approved by the Uganda National Council of Science and Technology (SS3082), Office of the President in Uganda (SS3082), and Cambridge University Human Biological Research Ethics Committee (HBREC2013.10). Written informed consent was obtained from participants or their guardians. For adults or guardians who indicated they were unable to write or who preferred to provide fingerprints, verbal informed consent and a fingerprint signature were obtained (reviewed and approved in SS3082 and HBREC2013.10).
Results
Distribution of anaemia, S. mansoni, and hookworm by age
Prevalence (at least one detectable EPG) of S. mansoni and hookworm was 36.4% (667/1832) and 40.5% (741/1832), respectively, which included 13.1% (240/1832) of the population with coinfection. Overall anaemia prevalence was 44.4% (813/1832). Anaemia prevalence coincided with the highest average S. mansoni or hookworm EPG (Tables C and D in S1 File). As shown (Fig 1) , anaemia prevalence formed a U-curve, being highest in children and the elderly. These age groups harboured the heaviest S. mansoni and hookworm infections, respectively. Anaemia prevalence was at least 34.6% in all age groups. Although coinfections of S. mansoni and hookworm were observed in 13.1% of the population, only 0.55% (10/1832) of the population had coinfections with heavy infection intensity of both S. mansoni and hookworm (Table 1) .
Transmission determinants of S. mansoni and hookworm infections
At the village level, mean S. mansoni EPG and mean hookworm EPG were inversely related (Spearman rho -0.407, p-value<0.0001). Similarly, most communities did not have high prevalence of both infections (Spearman rho -0.562, p-value<0.0001). In ordinal logistic models in Table 2 , S. mansoni and hookworm showed no overlap of infection determinants.
Any variables that were significant in both models were opposite in direction. A one-year increase in age or being female decreased the likelihood of S. mansoni infection by 1.98% (pvalue<0.001) and 31.5% (p-value<0.001), but increased the odds of hookworm infection by 1.2% (p-value<0.001) and 42.7% (p-value<0.001), respectively. Belonging to a community where the village centre is farther than 0.50 kilometres from Lake Victoria decreased the likelihood of S. mansoni infection by 67.9% (p-value<0.001) and increased the probability of hookworm infection by 48.9% (p-value = 0.001).
For S. mansoni, variables measuring water contact increased the probability of infection. Fishing occupations increased the likelihood of S. mansoni 2.70 fold (p-value<0.001) when compared to households with an unemployed person or subsistence farmer as the household head. Individuals living in a village with a beach were 2.06 times (p-value<0.001) more likely to have S. mansoni infections than individuals in a village without a freshwater site. Additionally, having more homes in the village increased the odds of heavy S. mansoni infection by 57.2% (p-value<0.001). Predictors that were only significant for hookworm infection included, at the household level, business ownership and, at the village level, the number of roads. Belonging to a household where the household head owned a business reduced the odds of heavy hookworm infection by 65.4% (p-value<0.001) when compared to subsistence farmers or the unemployed. Having more than two roads, which was a proxy indicator for the spatial spread or low density of households in a village, increased the likelihood of hookworm infections by 93.7% (p-value<0.001). The variables that do not satisfy the proportional odds assumption in the hookworm model were allowed to vary for each outcome. In Panel B of the main table, the coefficients of these variables represent the odds of moving from no hookworm infection to any hookworm infection (at least one EPG). The additional coefficients below the main table represent the odds of moving from low hookworm infection to moderate or heavy hookworm infection and the odds of changing from moderate hookworm infection to heavy hookworm infection.
Occupations are represented at the household level and indicate the employment of the household head. S. mansoni and hookworm infection intensities required for anaemia Table 3 presents the association of S. mansoni and hookworm infection intensity with anaemia. The variance components model is provided in Table F (S1 File) . Individuals with moderate S. mansoni infection intensity were 56% more likely (p-value = 0.034) to have anaemia than uninfected individuals. Heavy S. mansoni infections increased anaemia risk 2.861 fold (pvalue<0.001) when compared to participants with no detectable S. mansoni infection. The probability of anaemia was 65% higher (p-value = 0.008) amongst individuals with heavy hookworm infection intensity when compared with uninfected individuals. These findings were significant despite older age (OR 0.98, p-value<0.001) decreasing the likelihood of anaemia. Only the effect of moderate S. mansoni infection intensity on anaemia was lost when analyzed against Hb (Table G in S1 File). Table 4 presents the association of anaemia with S. mansoni and hookworm coinfection. Individuals with light, moderate, or heavy coinfection intensity were not significantly at risk of anaemia (p-value>0.05) when compared to participants with no infection or single infections. These results remained robust when coinfection intensities were analyzed against Hb concentration (Table H in S1 File). As a robustness check, a binary indicator was examined for 'any coinfection', which was defined as a participant with at least one EPG of S. mansoni and hookworm. This indicator also was insignificantly related to anaemia and Hb (p-value>0.05) when compared to participants with no infection or single infections (Table I in S1 File). Table 5 presents the PAF for S. mansoni and hookworm infection intensities that were found significant for anaemia in the logistic model of Table J (S1 File) . Without household and village variation controlled, moderate S. mansoni was borderline insignificant (p-value = 0.056) against anaemia. In scenario one (Panel 1A), for all individuals, elimination of heavy S. mansoni infection could reduce anaemia by 3.6% (95% CI 2.1%, 5.0%), whereas elimination of heavy hookworm infections could decrease anaemia by 3.0% (95% CI 1.0%, 5.0%). For adults (excluding pregnant women), only 2.4% (95% CI 1.4%, 3.4%) of anaemia was attributable to S. mansoni infections. Yet, over 4.5% (95% CI 2.7%, 6.3%) of anaemia for school-aged children, who had the highest infection intensity, and for pregnant women was attributable to S. mansoni infections. The proportion of anaemia attributable to hookworm infections was greater in age groups with the highest hookworm infection intensities. Adults had a greater fraction of anaemia attributable to hookworm (PAF 4.6%; 95% CI 1.4%, 7.6%) when compared to schoolaged children and pregnant women (PAF 1.8%; 95% CI 0.6%, 3%). In Panel 2, two subsets of the population with either heavy S. mansoni or heavy hookworm infections were used to calculate the population attributable fractions amongst the infected (PAFI). The elimination of S. mansoni in individuals with heavy S. mansoni infection could reduce anaemia by 32.0% (95% CI 21.5%, 41.1%). Hookworm elimination amongst people with heavy hookworm infection could decrease anaemia by 23.7% (95% CI 9.4%, 34.7%). The effects of eliminating infections were further examined by age for individuals with heavy infection intensities. Heavily infected adults, excluding pregnant women, had a larger fraction of anaemia attributable to both helminth infections when compared to heavily infected schoolaged children and pregnant women. Curing heavily infected, non-pregnant adults could decrease 37% (95% CI 25.2%, 47%) and 24.9% (95% CI 10%, 37.4%) of anaemia attributable, respectively, to heavy S. mansoni and hookworm infections. Eliminating infections in heavily infected school-aged children and pregnant women may reduce 30.4% (95% CI 20.3%, 39.2%) and 20.2% (95% CI 8.5%, 30.4%) of anaemia due to heavy S. mansoni and hookworm infections, respectively.
Association of S. mansoni and hookworm coinfection with anaemia
Anaemia attributable to S. mansoni and hookworm infections
In scenario two, the PAF was calculated using a strategy of only reducing infection intensity as opposed to curing individuals. Covariates were accounted for and a model was used similar to that used in Table J (S1 File) except indicators were excluded for low and moderate S. mansoni and hookworm infections (Table K in S1 File). This analysis presented the potential impact of reducing heavy S. mansoni infections to uninfected/low/moderate S. mansoni infections and reducing heavy hookworm infections to low/uninfected/moderate hookworm infections. Decreasing intensity would have an impact on anaemia for the full sample, school-aged children and pregnant women, or only adults (excluding pregnant women) that is comparable to the elimination of these infections from these groups. PAFs and PAFIs only differed, respectively, by 0.01-0.3% and 0.8-1.9% (Panels 1B, 2B in Table 5 ).
Discussion
With an increase in the number of anaemia cases from the year 1990 to 2010 in SSA [1] , a better understanding is needed of how to simplify monitoring and treatment of the multiple causes of anaemia. In this paper, we assessed the associations of S. mansoni and hookworm infections with anaemia. A community-based sample was used of 1,832 individuals aged 5-90 years across 30 villages in Uganda. When examined against age, peak infection intensities coincided with the highest prevalence of anaemia. The heaviest intensity of S. mansoni was in children and the highest intensity of hookworm was in the elderly. Predictors of infection risk Influence of Schistosoma mansoni and Hookworm on Anaemia including age, gender, occupation, and village-level factors were significant for only one infection or opposite in direction for S. mansoni and hookworm. Differences in S. mansoni and hookworm risk factors have been shown in studies of single infections [47, 48] . To our knowledge this study is the first to show that S. mansoni and hookworm infections influence anaemia in separate groups of individuals within one study setting. In community-based samples, guidelines to target individuals requiring treatment for anaemia due to S. mansoni or hookworm infections must delineate separate profiles for each infection. Yet, community-based sampling can be used to capture diverse causes of anaemia due to both intestinal helminths.
Our study was able to identify the relative contribution of S. mansoni and hookworm infections to anaemia despite potential confounders of malnutrition and malaria. Malnutrition is an important aspect of anaemia risk [12] . For malnutrition to be a confounder in our analysis, it must have an individual-level effect on anaemia risk. The multilevel model in this study accounted for latent variation in anaemia attributable to household and village variance. Accordingly, important unobserved differences between households or communities for malnutrition were considered in these latent factors. For example, household factors that affect anaemia may include maternal care for children, household diet and meals, or socioeconomic factors whereas community factors may include sanitation infrastructure or physical proximity to a health centre [49, 50] . At the individual level, Pullan et al. finds significant associations of S. mansoni and hookworm infections with anaemia after controlling for malnutrition in schoolchildren in Kenya [22] .
Self-reported malaria, which indicated if study participants received treatment for malaria in the six months preceding the study, was uncorrelated with anaemia. For malaria to be a confounder in our study, two issues must be observed. Formal diagnoses of malaria must conflict with self-reported treatment and a specific set of individuals must be coinfected, i.e. individuals with heavy S. mansoni or heavy hookworm infection intensities. Coinfections of P. falciparum and S. mansoni or hookworm have been shown in SSA to increase anaemia prevalence in children when compared to single S. mansoni or hookworm infections [51, 52] . Such coinfections have been shown to have a prevalence of 26.47% in children aged 10-14 years in our study area and are a limitation of this study [53] . Another factor to consider is if malaria prevalence decreases with the distance to freshwater bodies, as was the case with S. mansoni infections. However, this confounder is unlikely in our study setting since individuals within the same village were only 2.1% more likely to have anaemia when compared to individuals of other villages (ICC, Table 3 ). Also, the presence of swamps in a village and the distance of the village centre to Lake Victoria was investigated and found insignificant (p-value>0.05) for anaemia risk ( Table 3 , Table E in S1 File). Concerning other coinfections, additional intestinal helminths were directly examined as potential predictors of anaemia. The infection prevalence of trichuriasis was 1.04% and ascariasis was 0.11% in our study villages, but no associations with anaemia were found (Spearman correlations: Trichuriasis rho 0.028, p-value = 0.234; Ascariasis rho -0.030, p-value 0.207).
The relationships of S. mansoni and hookworm infections with anaemia were intensitydependent; heavy infection intensities (400+ EPG) significantly increased anaemia risk. Individuals with heavy S. mansoni were 2.86 times more likely to have anaemia than uninfected participants. This effect amongst our community-based sample is considerably larger than the influence of heavy S. mansoni infection in individuals sampled from Ugandan primary schools, who had increased anaemia risk of 1.57 fold [19] . Further work is needed to identify if community-based samples best include children at the highest risk of anaemia from S. mansoni infection. Community-based samples, such as our study, include many non-enrolled children and heavy infections may be concentrated in this group.
Although beyond the scope of this study, there is a need to identify the major mechanism of S. mansoni infection that causes anaemia. S. mansoni may be in direct competition with the human host for iron in the intestinal and blood stages of the parasite [54] . Alternatively, blood loss could occur from intestinal bleeding when eggs need to traverse the epithelial, mucosal barrier [10, 15, 55] . If the intestinal epithelium is compromised then host intestinal iron absorption can be impaired [55] . Additionally, if severe S. mansoni infection elevates markers of inflammation such as Interleukin 6, then a feedback mechanism could occur that inhibits host intestinal iron absorption through up-regulation of hepcidin [56] . In addition to Hb counts, to address these possible causes, future studies must measure occult blood and indicators of iron metabolism such as serum ferritin and soluble transferrin receptors [15, 56] .
Heavy hookworm infections increased anaemia risk 1.65 fold when compared to people with no detectable hookworm infection. This estimate concurs with existing knowledge of moderate and heavy hookworm infection intensity and anaemia [7, 8] . The effect of hookworm infection may appear less than the influence of S. mansoni infection on anaemia. However, in this study, heavy hookworm infection intensity was classified as the top 10 th percentile of hookworm infections (400+ EPG). Although 400 or more EPG is the WHO classification of heavy S. mansoni infection, this intensity is considered by the WHO as a light hookworm infection [33] . Pullen et al. [22] shows very light hookworm infections in Kenyan schoolchildren (100 EPG) are associated with anaemia. In this paper, by assessing entire communities, a sensitive detection was possible of the relative contribution of hookworm infection to anaemia for every age group. We showed that the elderly are vulnerable to anaemia with only light hookworm infections. With morbidity detectable from only light hookworm infections, future research is warranted to identify the hookworm species present in the study area. Hookworm virulence can vary depending on the species. Albonico et al. has shown that Ancylostoma duodenale, although less prevalent than Necator americanus, can cause greater iron-deficiency anaemia [57] . S. mansoni and hookworm coinfections were insignificant for anaemia when compared to no infection or single infections. This result is consistent with studies in Uganda and Rwanda that assessed S. mansoni and hookworm coinfections in children [16, 27] . Coinfection was insignificant in our study because only heavy infection intensity was associated with anaemia, and heavy S. mansoni and heavy hookworm infections did not overlap by age, socioeconomic, or environmental characteristics. If repeated in other settings, this finding can provide explanations for why other studies in SSA [16, 27] also have failed to find associations between anaemia and coinfections of S. mansoni and hookworm.
Treatment of anaemia must be made a priority for individuals with heavy S. mansoni and heavy hookworm infections. A large proportion of anaemia amongst infected individuals was attributable to intestinal helminths. S. mansoni explained 32.0% of anaemia in individuals with heavy S. mansoni infection intensity. For people with heavy hookworm infections, 23.7% of anaemia could be attributed to hookworm infections. When the anaemia attributable to helminth infections was further analyzed by age, the proportion of anaemia due to S. mansoni or hookworm infections was greater in sub-groups with higher average infection intensities. Children had a greater fraction of anaemia attributable to S. mansoni infections than adults and non-pregnant women. However, adults (excluding pregnant women) had a greater proportion of anaemia due to hookworm infections when compared to school-aged children and pregnant women. These findings concur with our results that show anaemia prevalence peaks in age groups that have the highest infection intensities. What is striking about our results is that when only heavily infected individuals were examined by age, the anaemia attributable to both S. mansoni and hookworm infections was highest amongst adults. This finding raises an important question for future studies. Do children have more competing, multifactorial causes of anaemia than adults? If so, how does competition amongst causes of anaemia affect the morbidity caused by helminth infections? Most importantly, amongst heavily infected individuals, adjusted PAF analysis suggested that reducing infection intensity would have an impact on anaemia of only 1-2% lower than efforts to eliminate heavy S. mansoni or hookworm infections. Hence, anthelminthic treatment, which is the only strategy widely implemented for controlling S. mansoni and hookworm infection intensities, is likely the most effective method to decrease anaemia attributable to these infections [19, 25, 26] .
Preventive chemotherapies are widely distributed through MDA to treat human helminthiases and have been administered annually since 2003 in our study area [29] . Yet, within the context of MDA, we found that widespread morbidity persists due to intestinal helminths. With increased funding commitments and drug donations [58] as well as programmes progressing from infection control to elimination [59] , there is an imminent need to expand treatment coverage with PCs for communitywide anaemia. Schoolchildren, who bear the greatest burden of anaemia [2] , must remain a priority for the WHO. In addition, for areas endemic with schistosomiasis and hookworm infections, our study directly appeals to the WHO to establish guidelines to include adults for treatment in helminth control programmes [33] . Adult eligibility for treatment is limited. Praziquantel is only available for adults in high-risk communities, which include areas with greater than 50% schistosomiasis infection prevalence in schoolchildren. For hookworm infections, adults mainly receive indirect treatment. When communities are targeted for lymphatic filariasis, all individuals aged five years and older are eligible for a package of albendazole and ivermectin. Only women of childbearing age and a few occupations including tea pickers and miners are eligible for hookworm treatment [33] . Our study suggests that guidelines for treating hookworm infection should not be limited to children and pregnant or potentially pregnant women. We demonstrated that adults exhibit serious morbidity associated with helminth infections. The availability of treatment for the elderly is of particular concern. By harbouring the heaviest hookworm infections, the elderly are a main reservoir of reinfection for not only schoolchildren, but also entire communities. If community-based epidemiological surveys are repeated in other countries, our findings can help consolidate WHO guidelines for use of preventive chemotherapies in SSA to treat anaemia caused by intestinal helminths.
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